-14 d broad-spectrum antibiotic treatment effectively depletes the gut microbiota.
Introduction
A link between microbes and sleep first became plausible when a potent sleepinducing substance called "Factor S" was extracted from the brains of sleep-deprived goats (Fencl et al., 1971) . Factor S was later identified as muramyl peptide (MP), a unique bacterial cell wall component (BCWC) derived from peptidoglycan (PGN) (Krueger et al., 1982a) . In the intervening years, it has become increasingly clear that not only MP, but also PGN and lipopolysaccharide, are potent inducers of mammalian slow-wave sleep (SWS) when exogenously administered to freely-behaving animals (Krueger & Majde, 1994) . For instance, just one-hundred picomoles of MP given to rabbits intracerebroventricularly produces a 25% increase in the duration of SWS (individual bouts and total) and a 50% increase in the individual slow-wave voltages over a period of about 6-8 h (Krueger et al., 1982b) .
It has been proposed that the commensal gut microflora may serve as a quasiendogenous pool of these somnogenic BCWCs given their quantity and close proximity to the intestinal portal (Brown, 1995; Krueger et al., 1985) . A relationship between coprophagy, bacterial colonization of the neonatal gastrointestinal tract, and the ontogeny of SWS and hematopoiesis has also been proposed (Brown et al., 1988; Korth et al., 1995) . If proven correct, similar to essential amino acids and vitamins, BCWCs may be an exogenous requirement for normal physiological processes, in this case for the upkeep of host defense mechanisms and for the generation of SWS (Krueger & Karnovsky, 1995) . Support for the involvement of the gut microbiota (and hence BCWCs) in regulating host sleep behavior comes in part from the findings of Rhee & Kim (1987) that showed a marked decrease in gastrointestinal microflora in psychiatric insomnia patients. Furthermore, several neurological disorders that are associated with sleep disturbances have also been linked to changes in the gut microbiome, including chronic fatigue syndrome (Giloteaux et al., 2016) , irritable bowel syndrome (Labus et al., 2017) , and obstructive sleep apnea (Durgan, 2017) . Notably, Arentsen and colleagues (2017) recently demonstrated that PGN derived from the commensal gut microbiota is translocated from the intestinal mucosa into circulation and across the blood-brain barrier under normal physiological conditions. And perhaps most intriguing, several studies have shown that the gut microbiome rhythmically fluctuates in both community composition and gene expression in a circadian-dependent manner (Leone et al., 2015; Thaiss et al., 2016; Zarrinpar et al., 2014) . Taken together, these considerations led to the untested hypothesis that under steady-state conditions, somnogenic BCWCs translocate the gut wall at a basal level contributing to normal sleep regulation, whereas the major enhancements in sleep following exogenous administration of BCWCs are an acute amplification of these physiological processes to compensate for an increased pool of BCWCs over and above the purported endogenous BCWC pool (Krueger & Opp, 2016) . However, much work is needed to substantiate and clarify this hypothesis before causality can be established.
The bacterial origin of sleep-inducing substances suggests that deliberate manipulation of the host's intestinal flora may elicit changes in host sleep behavior.
Multiple studies have found that germ-free (GF) and antibiotic-induced microbiota depleted (AIMD) mice display increased locomotor activity [reviewed by (Vuong et al., 2017) ]. Since locomotor activity (immobility) has been used as a reliable proxy of sleep (Fisher et al., 2012) , we hypothesized that the elevated locomotor activity previously reported in these animals may reflect an unreported reduction in sleep behavior. The considerable challenges associated with behavioral testing of GF mice such as cost, labor, and housing restrictions, prompted us to examine whether broad-spectrum antibiotic-induced depletion of the gut microbiota reduces sleep and increases locomotor activity in adult mice. Here, we present an additional line of evidence supporting a role for the gut microbiome in the regulation of nocturnal sleep and locomotor behaviors. We also call attention to the clinically-relevant implications of our finding that antibiotics may be insomnogenic, and briefly speculate as to how this 'collateral damage' may be of significance to both practicing physicians and to the millions of people around the world that chronically suffer from insomnia, circadian misalignment, and other idiopathic sleep-wake and circadian-rhythm disorders.
Methods

Experimental design
Ten genetically inbred C57BL/6 male mice (Harlan Laboratories, Madison, WI) were placed in control (n = 5) or antibiotic-treated (n = 5) groups. Animals were entrained to a standard 12:12 h light:dark cycle in a room isolated from external stimuli with temperatures maintained at 25 ± 1 ºC for a minimum of two weeks prior to the experimental protocol. Under these conditions, light onset (0600h) was designated Zeitgeber Time 0 (ZT 0) and dark onset (1800h) as ZT 12. Mice were provided ad libitum access to autoclaved water and irradiated food containing the following nutritional formula (in % kcal): 20.5% protein (casein), 69.1% carbohydrates (corn starch, maltodextrin), and 10.4% fat (lard) (Teklad Diet: 08006i, Evigo Bioproducts Inc., Madison, WI). Mice were 14-15 weeks of age at the commencement of experimental treatments. The antibiotic treatment group was orally gavaged once daily for 14 consecutive days with a broad-spectrum antibiotic cocktail consisting of: ampicillin 2.5 mg/ml, metronidazole 2.5 mg/ml, neomycin 2.5 mg/ml, and vancomycin 1.0 mg/ml (Medisca Inc., Plattsburgh, NY) . Animals were weighed each morning and a gavage volume of 0.01 ml/g body weight was administered via polypropylene feeding tubes (Instech Laboratories Inc., Plymouth Meeting, PA) without sedation. Fresh antibiotic concoction was prepared daily using autoclaved water as the vehicle. The control group was sham-treated with vehicle by oral gavage at the same volume, frequency, and duration as the antibiotic group. Mice were sacrificed the morning of day 15 via CO 2 inhalation, followed by exsanguination. All studies were approved by and performed in full accordance with the University of Wisconsin -La Crosse Institutional Animal Care and Use Committee.
Microbiome sequencing
Upon completion of the antibiotic regimen, total DNA was extracted from freshly voided feces using QIAamp DNA Stool Mini Kit (Qiagen Inc., Germantown, MD). The bacterial 16S rDNA gene was amplified with barcoded fusion primers targeting the V3-V4 region and subjected to Illumina (MiSeq) sequencing-by-synthesis as previously described (Klindworth et al., 2013) . The QIIME pipeline was used for quality filtering of DNA sequences, demultiplexing, taxonomic assignments, and calculating α and β diversity indices (Caporaso et al., 2012) . A dendrogram of bacterial phylogeny was constructed using PhyloT (http://phylot.biobyte.de) and visualized within Interactive Tree of Life (http://itol.embl.de).
Videosomnography
Throughout the duration of the experiment, mice were individually housed in polypropylene cages fitted with video-monitoring equipment capable of recording high-definition video. One miniature, infrared-capable video camera (Sony 138 CMOS with varifocal lens) and one light-emitting-diode (CMVision IR3Wide Angle Array Illuminator) were mounted above each cage to permit continuous recording of animals under light or dark conditions. Cameras were connected to a 16-channel digital video recorder (Dripstone LLC, Los Angeles, California) and set to record at a resolution of 720 x 480 pixels at 30 frames per second. Immediately following completion of the antibiotic regimen, animals were continuously video-recorded for 24 h beginning at 0600 h (ZT 0) on day 14. Cumulative sleep-wake time was visually determined (no attempt was made to discriminate between individual sleep stages) from video recordings using established behavioral criteria previously shown to highly correspond to standard polysomnography-based techniques (Balbir et al., 2008; Storch et al., 2004; Van Twyver et al., 1973) . Briefly, mice were considered to be sleeping when there were no gross body movements, except for slight respiratory movements, while displaying typical 
Locomotor activity
Analysis of locomotor activity was performed on a subsample of video recordings that were representative of each circadian phase using automated video-tracking software as described by Fisher et al. (2012) . Here, the program ANY-maze (v5; Stoelting Co., Wood Dale, IL) was used to track and quantify several locomotor activity parameters throughout two 60-min circadian light phase periods (ZT 2-3, ZT 8-9) and two parallel 60-min circadian dark phase periods . Center (body) position track plots and mean center position occupancy heat maps were generated by the ANY-maze program.
Data analysis
Results were expressed as the mean ± standard error of the mean (SEM), with n denoting the number of animals used. Statistical differences between α-diversity indicies were determined by the Mann-Whitney U test. Statistical differences between sleep results were determined by the unpaired Student's t test with two-tailed p values less than 0.05 considered significant and reported as *p < 0.05, **p < 0.01. Experimental assignments were randomized, data processing was blind, and statistical analysis was performed using GraphPad Prism version 7.0 (GraphPad Software, La Jolla, CA).
Results
Broad-spectrum antibiotic treatment effectively depleted the gut microbiota
To verify the antibiotic regimen effectively depleted the gut microbiota, we first examined the structure and diversity of bacteria at a local scale, known as α-diversity.
Regardless of the metric employed, α-diversity measures were dramatically decreased by antibiotic treatment. Here, antibiotics reduced the total number of observed species (p < 0.01, Fig. 1A ), the rarified species richness (Chao1 index) (p < 0.01, Fig. 1B ), and the phylogenetic diversity (PD whole tree index) (p < 0.01, Fig. 1D ). The Shannon H index, which takes into account the number of species detected as well as the relative abundance of each bacterial lineage present in the samples, exhibited a similar, but even more pronounced pattern of decreased ecological complexity as a result of prolonged antibiotic treatment (p < 0.01, Fig. 1C ). Evident by the leveling (asymptote) of rarefaction curves, the majority of operational taxonomic units (OTUs, i.e. bacterial species) were captured in the α-diversity analysis, which indicates that the small number of shared OTUs was indeed a result of depleting the gut microbiota, and not due to a lack of sequencing depth.
We then calculated β-diversity to reveal global scale effects of antibiotics on the full composition of the fecal microbiome. In the unweighted analysis ( Fig. 1E) , where UniFrac distances were calculated based on the presence/absence of OTUs and phylogeny, the first principal coordinate axis separated samples on the basis of antibiotic treatment and explained 43.4% of the microbial variance. In the weighted analysis, where UniFrac distances were calculated based on abundance information of OTUs and phylogeny, antibiotic-treated samples also clustered along the first coordinate axis ( Fig. 1F ) which represented 90.2% of the total microbial variance, indicating that most of the predominant commensal bacteria were eradicated by antibiotic treatment. Furthermore, antibiotic-treated samples were tightly grouped in the weighted analysis with respect to the second (6.0%) and third (1.5%) coordinate axes, suggesting that the residual bacteria were more homogeneous than those of control animals. Moreover, the greater separation of sample clusters in the weighted analysis, which emphasizes abundant taxa, compared to the unweighted analysis, which emphasizes rare taxa, indicates that antibiotics diminished the quantity of bacteria more than the diversity.
Depletion of the gut microbiota reduced dark phase sleep, but not light phase sleep
Immediately following completion of the antibiotic regimen, 24 h of sleep-wake behavior was assessed via videosomnography and depicted as a standard bihourly mean percent sleep plot ( Fig. 2A) . With respect to the circadian light phase, when nocturnal animals are typically inactive, antibiotic-treated mice slept approximately the same as their control counterparts (Fig. 2B ). No statistical difference in any sleep parameter was detected during the circadian light phase. However, we found several notable differences between antibiotic and control groups during the circadian dark phase. Here, our principal finding was that mice depleted of their gut microbiota slept 13 ± 3% less than control mice (p < 0.01, Fig. 2C ). Reflecting this reduction in dark phase sleep, the average duration of a bout of wakefulness was markedly greater in mice treated with antibiotics (p < 0.05, Supplementary Table 2 ); yet no statistically significant differences in sleep bout duration or sleep fragmentation were identified. Lastly, antibiotic-treated mice delayed dark-phase sleep onset by more than 20 min compared with control mice (p < 0.05, Supplementary Table 2) , and woke later from the principal bout of dark phase sleep (p < 0.05, Supplementary Table 2 ).
Depletion of the gut microbiota increased dark phase activity, but not light phase activity
Mirroring the effects of antibiotic treatment on sleep described in section 3.2, we observed a similar phase-dependent pattern of locomotor activity. Depicted by the center (body) position track plots in Fig. 3A , antibiotic-treated mice showed greater total distance traveled during dark phase periods (p < 0.05, Fig. 3D ), but not light phase periods (Fig. 3C ). Likewise, antibiotic-treated mice reached a greater peak velocity during circadian dark phase periods (p < 0.05, Fig. 3E ), but not light phase periods (Fig.   3F ), and spent more time occupying the center zone of the cage (Fig. 3B ).
Discussion
Main findings
In the present study, we show that depleting the gut microbiota with antibiotics reduces circadian dark phase sleep in adult mice. Our data suggest that a reduction of intestinal bacteria decreases dark phase sleep in part by diminishing a potential source of sleep-promoting substances, namely the somnogenic BCWCs. Since diminished sleep correlated with hyperlocomotion, and these effects were confined to the circadian dark phase, it appears that this manipulation specifically interferes with the nocturnal sleep induction process rather than the whole sleep topography.
Antibiotics and behavior
The possibility that these behavioral changes are a consequence of the direct actions of antibiotic treatment per se cannot be entirely ruled out because antibiotics are known to have toxic effects on host mitochondrial and ribosomal function (Morgun et al., 2015) . However, several observations and inferences strongly suggest that our data are not due to some nonspecific actions of antibiotics. First, if there were any toxic effects due to the treatment we would have expected global changes in locomotor and sleep topography to have occurred, rather than the specific phase-dependent changes seen here. Second, the effects of antibiotic treatment on motor activity and anxiolytic behavior are not likely to be caused by host toxicity since identical behavioral traits are reported in GF mice (Arentsen et al., 2015; Diaz Heijtz et al., 2011; Nishino et al., 2013) . Third, GF animals treated with antibiotics show no additional changes in behavior (Bercik et al., 2011; Cox et al., 2014) . And perhaps most compelling, Frohlich and colleagues (2016) demonstrated that the same antibiotics used in this study had little to no oral bioavailability and did not enter the brains of mice, thereby providing strong evidence that the AIMD mouse model is a valid and reliable approach to establish causality in gut microbiome-brain/behavior interactions, relative to GF mice.
Potential mechanisms underlying gut microbiome regulation of sleep
The somnogenic properties of BCWCs are thought to be mediated in part by their ability to stimulate Type 1 helper T cells (T H 1) cells to produce the pro-inflammatory cytokine interleukin (IL)-1β (Dunn, 2006; Opp & Krueger, 2017) .
When administered alone, IL-1 also produces large amounts of SWS (Krueger et al., 1984) , and pre-treatment with inhibitors of IL-1 attenuates the enhancement of SWS following administration of BCWCs (Imeri et al., 1993) , as would be expected if the effector molecule of the immunogenic and somnogenic actions of BCWCs is the cytokine IL-1.
Consequently, given that high exposure to BCWCs stimulates production of proinflammatory T H 1-mediated cytokines that increase sleep, it stands to reason that low exposure to BCWCs (i.e. GF/AIMD mice) may instead encourage the default production of anti-inflammatory T H 2-mediated cytokines that inhibit sleep (Rogers & Croft, 1999) .
Indeed, the GF/AIMD immune response is suppressed and T H 2 biased (Green-Johnson, 2012; Josefsdottir et al., 2017; Mazmanian et al., 2005; Oyama et al., 2001) , and anti-inflammatory cytokines have been earlier reported to inhibit spontaneous sleep in freely behaving animals (Krueger et al., 2001; Kushikata et al., 1998 Kushikata et al., , 1999 . Taken together, it appears as though one mechanism by which the gut microbiota may regulate normal sleeping patterns is by directing the T H 1/T H 2 balance of proinflammatory (somnogenic) and anti-inflammatory (insomnogenic) cytokine production Zielinski & Krueger, 2011) . As such, we suspect that depleting the antigenic load of BCWCs may have resulted in a diminished basal rate of phagocyte and T H 1 cell activation, thereby suppressing steady-state production of IL-1, and in turn reducing sleep.
However, cytokines alone do not explain why antibiotics specifically reduced dark phase, but not light phase sleep. We propose that this conspicuous circadiandependent effect can be explained as a consequence of diminished interactions between BCWCs, IL-1, and the central serotonergic (5-HT) system. To shed light on this feature, we first reflect upon how 5-HT is involved with the regulation of SWS in general, and then we briefly consider how BCWCs and IL-1 interact with 5-HT to induce SWS in an analogous circadian-dependent fashion.
With respect to 5-HT and SWS, data obtained from rats and mice indicates that when 5-HT release is enhanced through the administration of a 5-HT precursor (5-HTP), an increase of SWS is observed specifically during the dark phase of the lightdark cycle, irrespective of whether 5-HTP is given at the beginning of the light or dark phase (Imeri & Opp, 2009; Morrow et al., 2008) . With that in mind, now consider the following three assertions regarding how BCWCs and IL-1 interact with 5-HT to induce SWS. First, the SWS induced by BCWCs is accompanied by an increase in 5-HT turnover in several sleep-linked regions of the brain (Masek et al., 1973) , and this effect is abolished by electrolytic lesions of raphe serotonergic structures (Masek et al., 1975 (Masek et al., , 1978 . Second, both BCWCs and IL-1 are effective at inducing SWS when administered during the dark phase (Inoue et al., 1984; Meltzer et al., 1989) , but are unable to induce SWS when given during the light phase (Fornal et al., 1984; Lancel et al., 1996) . Third, 5-HT is essential for BCWCs and IL-1 to exert their effects on sleep because pretreatment with a 5-HT synthesis blocker or antagonism of 5-HT 2 receptors completely blocks the dark phase SWS induced by BCWCs or IL-1 (Imeri et al., 1997 .
Since the somnogenic effects of 5-HT on SWS are confined to the dark phase, and because the somnogenic effects of BCWCs and IL-1 are also restricted to the dark phase and are accompanied by elevated 5-HT turnover in the brain, combined with the fact that BCWCs and IL-1 are unable to induce SWS when given to animals pre-treated with a 5-HT synthesis blocker, suggests that such dark phase-specific sleep responses reflect a fundamental property of the 5-HT system and thus are likely to be involved with the physiological regulation of sleep by the gut microbiome.
Remarkably, one of the somnogenic BCWCs, namely MP, has been independently shown to be a molecular mimic of 5-HT (Polanski et al., 1992; Ševčík & Mašek, 1999) . This revelation suggests even a direct involvement of MP in the induction of SWS, possibly by functioning as a 5HT-like neurotransmitter (Root-Bernstein & Westall, 1988) . Moreover, since BCWCs such as MP and PGN have been detected in brain tissue (Arentsen et al., 2017; Karnovsky, 1986) , and considering that during sleep deprivation MP accumulates in the brain (Pappenheimer et al., 1975) , it has to be inferred that there is a physiological low-dose passage of these constituents into brain tissue during normal waking states. It's tempting to speculate that the wake stateassociated ingestion of BCWCs (during active feeding) and the subsequent accumulation of BCWCs and IL-1 in the CNS leads beyond a certain threshold to fatigue and sleepiness, finally inducing sleep, during which the clearance of these BCWCs from the CNS is performed (Abstinta et al., 2017; Xie et al., 2013) and the T H 1/T H 2 cytokine balance is restituted (Besedovsky et al., 2012) . In keeping with this view, the protracted bouts of wakefulness that antibiotic-treated mice displayed here may reflect a diminished rate of BCWC accumulation in the brain over a given waking period, thus lowering the homeostatic sleep pressure threshold and allowing the bout of wakefulness to continue for an extended length of time. In keeping with this speculation, Arentsen and colleagues (2017) found that PGN levels were substantially lower in the brains of GF and AIMD mice compared to mice with an intact gut microbiota.
Regardless of whether our sleep results were a reflection of abolishing direct (MP  5-HT  SWS) or indirect (MP  IL-1  5-HT  SWS) interactions, earlier studies using GF and AIMD mice have established that the gut microbiome does in fact regulate host tryptophan and serotonin availability, synthesis, and metabolism both peripherally and centrally under steady-state conditions (Clarke et al., 2013; O'Mahony et al., 2014; Yano et al., 2015) , providing further credence to a link between gut microbes, BCWCs, cytokines, 5-HT, and physiological sleep. For these reasons, interactions between the gut microbiome, the immune system, and the 5-HT system appear to be an especially promising target for future investigation.
However, the gut microbiome is a dynamic, living entity capable of producing a vast array of biologically active metabolites that participate in numerous physiological processes. Consequently, there is almost certainly multiple other ways by which the gut microbiome contributes to physiological sleep. For instance, there is a significant body of evidence indicating that the gut microbiota influences the development and later function of the stress system (Foster et al., 2016; Rea et al., 2015) . Both GF and AIMD mice have been shown to exhibit HPA axis hyper-responsivity as evident by a nearly 3fold increase in blood corticosterone levels (Desbonnet et al., 2015; Frohlich et al., 2016; Mukherji et al., 2013; Sudo et al., 2004) . Because corticosterone is both a powerful immunosuppressant (Kainuma et al., 2009 ) as well as a well-known arousalpromoting substance (Vazquez-Palacios et al., 2001) , it's conceivable that the reduced sleep and elevated locomotor activity observed in this study, as well as the elevated locomotor activity and immunosuppression previously recognized in GF/AIMD animals, may also reflect a heightened basal state of stress. Clearly much work is needed to establish or debunk these potential relationships and also to disentangling them from one another with respect to their relative contribution to homeostatic sleep regulation.
Study limitations and future research directions
One clear limitation of the present study is the inability of current videosomnography techniques to discriminate between specific sleep stages. It's promising that this limitation may soon be overcome as several groups have begun developing high-throughput behavioral monitoring systems using infrared beams (Pack et al., 2007) , piezoelectric sensors (Yaghoby et al., 2016) , and sensitive videosomnography algorithms (McShane et al., 2012) that allow for the non-invasive analysis of individual sleep stages. Given that BCWCs are known to specifically increase SWS, we suspect that the reduction in nocturnal sleep observed here may be a reflection of diminished SWS time, but this remains unsubstantiated. Moreover, our finding of a correlation between reduced sleep and hyperactivity appears to support our secondary hypothesis that the elevated locomotor activity previously documented in GF/AIMD mice is a consequence of diminished sleep; however, given our small sample size it will be important to corroborate this by finally characterizing sleep in germ-free rodents. We speculate that the only reason why sleep has not already been characterized in GF rodents is due to the invasive nature of polysomnography (Kis et al., 2014) combined with the fact that behavioral testing of GF animals is restricted due to required housing of the mice in sterile isolator units to maintain microbiologically-free conditions (Al-Asmakh & Zadjali, 2015) . Although logistically difficult given that GF animals will be colonized with bacteria shortly after their removal from the GF unit (Hansen et al., 2015) , it's conceivable (and highly advisable) that future researchers could overcome this issue by removing the animals and performing the electrode implantation surgery and subsequent polysomnography testing in a sterile room to avoid contamination. Alternatively, this difficulty could be circumvented altogether by utilizing non-invasive telemetry or videosomnography-based techniques like those used in the current study.
Several important questions remain unanswered. Given that the gut microbiome has been compared to an enteric "fingerprint" due to the large degree of specificity to the individual (Consortium, 2013) , a logical question arises: to what extent is the interindividual variation in sleep duration and timing a reflection of inter-individual variation in gut microbiome composition and structure? Considering that BCWCs increase SWS in a dose-dependent manner (Meltzer et al., 1989) , taken together with our results that depletion of the gut microbiota (and hence BCWCs) reduces sleep, seems to suggest that the amount of non-specific bacterial exposure may be the primary driving factor for normal sleep and immune regulation, whereas the diversity of bacteria and timing of exposure may be secondary to this effect. Assuming that sleep of GF animals is eventually characterized, this should be testable fairly easily by administering gnotobiotic cultures containing equal (and unequal) quantities of phylogenetically similar (and dissimilar) bacterial communities. Alternatively, this could be tested by treating conventional animals with narrow-spectrum antibiotics that kill specific lineages of bacteria while leaving others intact.
Heeding the vast array of metabolites produced by the gut microbiome, it will be important to distinguish the relative contribution of BCWCs in relation to other biologically active bacterial products such as short-chain fatty acids, and to separate these factors from other environmental factors, including diet and host genetics, in order to accurately characterize the influence of these key microbial products on physiological sleep. To do so, one may consider inoculating GF animals with one of the atypical strains of bacteria that do not have a cell wall (i.e. Mycoplasma) and therefore do not yield somnogenic BCWCs, but still allow for a viable bacterial load in the gut. Furthermore, given that some disturbances to the gut microbiome have been found to cause permanent changes to brain function and behavior (Cox et al., 2014; Desbonnet et al., 2015; Diaz Heijtz et al., 2011) , future studies should investigate whether reconstituting the gut microbiome via probiotic administration or fecal transplant could return sleep to pre-antibiotic treatment levels. Lastly, due to the recent discovery of the glymphatic system (Jessen et al., 2015) and meningeal lymphatic vasculature (Absinta et al., 2017; Aspelund et al., 2015) , it may also be advantageous to characterize the temporal features and dissemination pathways of BCWCs entry into (Louveau et al., 2015) and clearance out of the brain (Raper et al., 2016) with respect to both monophasic and polyphasic as well as to nocturnal and diurnal sleepers.
Clinical implications
The Centers for Disease Control and Prevention has deemed insufficient sleep a major public health problem linked to motor vehicle crashes, military casualties, medical and other costly occupational errors that impose a financial burden in excess of $400 billion a year in the United States alone (Colten et al., 2006; Dement & Gelb, 1993; Reynolds et al., 2017) . In the present study, we highlight a previously unrecognized risk factor, namely antibiotic-induced dysbiosis, and call attention to the profound implications for clinical practice given that more than 270 million antibiotic prescriptions are issued in the US each year (Suda et al., 2014) . There is now direct experimental evidence in mice (this study), rats (Brown et al., 1990) , and humans (Nonaka et al., 1983) indicating that antibiotics may be insomnogenic. Additionally, Perlis et al. (2006) used the Physicians' Desk Reference to document the clinical occurrence of insomnia with respect to seven classes of antibiotics and found that five of the classes were associated with insomnia as a side effect. Furthermore, a retrospective analysis of clinical patients identified antibiotics as one category of medications that may cause leukopenia (Shuman et al., 2012) . Hence, there is sufficient evidence to suggest that antibiotics are not benign with respect to sleep and that antibiotic-induced perturbation of the gut microbiota and ensuing immunosuppression may serve as a precipitating factor in the pathogenesis of insomnia.
Since enhanced sleep appears to be an adaptive process that aids in recuperation and elimination of infections (Opp, 2009; Toth et al., 1993) , antibiotic therapy, although helpful with respect to its bactericidal actions, may paradoxically potentiate the infectious process by inhibiting and fragmenting sleep, or instead, by way of Jarisch-Hershimer reaction (Kaplanski et al., 1998) . It may be possible to attenuate these adverse effects by co-administering antibiotics with pre/probiotics or bacterial ligands as several preliminary studies have demonstrated improved remission in these patients (Boyanova & Mitov, 2012) . However, given that the ontogeny of SWS parallels the colonization of the intestinal tract (Davenne & Krueger, 1987; Greenhalgh et al., 2016; Jouvet-Mounier et al., 1969) , and old age is associated with reduced and fragmented sleep as well as dysbiosis (Ingiosi et al., 2013; Langille et al., 2014; Wimmer et al., 2013) , the use of antibiotics in these particularly vulnerable populations, especially those with underlying sleep pathologies, should be applied with great caution.
Alternatively, whether antibiotic treatment will translate into a useful therapy for idiopathic hypersomnolence and chronic fatigue syndrome, or conversely, whether strategically timed consumption of probiotics will translate into an effective and safe class of sleep sedatives, remains to be seen. Promisingly, Kumar and colleagues (2012) showed that antibiotic pretreatment attenuated chronic fatigue-induced oxidative stress in mice, and Thompson and colleagues (2017) recently demonstrated that dietary prebiotics attenuated stress-induced alterations of sleep in rats, thus giving hope for future studies in this direction.
Conclusion
In conclusion, it seems quite likely that the gradual breakdown of intestinal flora increases circulating BCWCs which serve as immune adjuvants, serotonin mimics, and physiological regulators of mammalian sleep. Our findings highlight a unique microbiome feature, and given its targetable nature, have important implications for preventative care as well as early diagnosis and therapeutic intervention in the management of sleep-wake and circadian rhythm disorders, the occurrence of which will inevitably rise as technological advances continue to pressure the limits of human adaptability.
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